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Symbols 

1/0 kernel, 181 

A 

AD-MUSIC, see MUSIC 
adaptive (modified) matching pursuit, 
511 

adaptive cone-shaped kernel, 182-183, 
620 

adaptive network-based fuzzy inference 
system (ANFIS), 680 
adaptive notch filter, 544-547 
adaptive optimal kernel (AOK), 182, 
620-621 

- with chirp signals, 620, 621 
adaptive quadratic TFDs, 180-183 
adaptive representation for multiple 

structures (ARMUS), 513 
adaptive spectrogram, 178-180 
adaptive STFT, 178-180 
adaptive TFDs, 178-183 

- of bat sound, 179 

- with 1/0 kernel, 181 

- with adaptive cone-shaped kernel, 

182-183 

- with adaptive optimal kernel 

(AOK), 182 

- with radially Gaussian kernel, 182 

- with reduced interference, 183 
additive noise, 344, 345, 490 

- and polynomial FM signals, 447, 

455 

- converted to multiplicative, 491 

- IF estimation in, 437, 440 

- polynomial phase estimation in, 

198-201 

- smearing the WVD, 492 
adjoint system, 140 

affine class, 106, 110, 643, 645-650 



- with reassignment, 293 
affine group, 104, 280, 281, 288, 289 

- defined, 280 
affine transformation, 281 
affine Wigner function, 283-289 

- unitarity of, 287-289 
affine-smoothed pseudo-Wigner 

distribution, 647-649 

aliasing 

- in discrete quadratic TFDs, 237, 

241 

- in discrete WVD, 233-234 

- in images, 655-659 
ambiguity domain, 69, see Doppler-lag 

domain 

ambiguity function, 66, 69, 160-166 

- and fractional autocorrelation, 

572 

- and signal design, 165 

- and TFDs, 161 

- and the STFT, 162 

- and the wavelet transform, 162 

- and uncertainty, 164 

- as time-frequency correlation, 163 

- computation of, 166 

- conflicting definitions of, 66n 

- filtered/generalized, see filtered 

ambiguity function 

- higher-order, 594 

- in radar, 69, 160 

- in sonar, 160, 618 

- narrowband, 160, 162-166 

- properties of, 162-166 

- Sussman (symmetrical), 69, 161, 

169 

- time-localized, 182 

- weighted, see filtered ambiguity 

function 

- wideband, 161, 166 
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- Woodward, 161, 618 
ambiguity surface, 162 
AMMP, see adaptive (modified) 

matching pursuit 
analytic associate, 14, 15 

- and oversampling, 268 

- computation of, 268-269 

- used to reduce cross-terms, 96 
analytic image, 651-654, 657, 658 

- and aliasing, 656 

- choice of, 657-659 
analytic signal, 14, 86-93, see also 

analytic associate 
analytic signals, 13 

- sum and product of, 87 
ANFIS, see adaptive network-based 

fuzzy inference system 
angle of arrival, see 

direction-of-arrival. . . 

AOK, see adaptive optimal kernel 
ARMUS, see adaptive representation 
for multiple structures 
artifact, 62 

asymptotic mean squared error 

- of PWVD-based IF estimate, 

453-455 

asymptotic reassignment points, 294 
asymptotic signal, 18 
asymptotic-phase signals, 92-93 
atmospheric turbulence, 457 
auto-terms, 64 

- as superpositions of coherent 

cross-terms, 99 

- in STFDs, 351, 353 

- location of, 70 

- selection of, 360 

autocorrelation function, 36, 637, 638 

average frequency, 21 

axis transformation, 123, 125 

B 

B-distribution (BD), 51, 53, 55, 75-77, 
217, 305, 441 

- computation of, 270 

- defined using time-lag kernel, 665 

- discrete, 240, 241, 271 

- for component extraction, 361 

- for component separation, 366 



- of EEG signals, 664, 665, 667-669 
backscattering, see scattering 
band-limited signal, 16, 35 

bandpass signal, 23 
bandwidth, 16, 18 

- effective, 16 

- relaxed measures of, 16 

- Slepian, 17 

bandwidth-duration ( BT ) product, 17, 
18, 23, 152, 166, 503, 549, 

550, 553 
bat 

- large brown ( Eptesicus fuscus), 

179 

bat sound, 156, 157 

- adaptive TFDs of, 179 

- Gabor spectrograms of, 157 

- spectrogram and MBD of, 438 
Bayesian detector, 508 

- optimal, 507 

BD, see also binomial distribution, see 
B-distribution 
Bedrosian’s theorem, 88-89 
Bertrand distribution, 209, 384, 646, 647 
bias 

- of IF estimation, 429-436, 

439-440, 442, 443, 445, 490, 
492-494 

- of WVD, 372-373 

bilinear time-frequency representations, 
see quadratic TFDs 
bilinear transformation, 62 
binomial distribution, 175 

- kernel decomposition, 266 

- of electric power disturbances, 

629 

biorthogonal-like condition, 318 

biorthogonality, 253, 258 

bird song, 312, 313 

BJD, see Born-Jordan distribution 

blind source separation 

- underdetermined, see 

underdetermined BSS 
blind source separation (BSS), 324-334, 
339, 341-343, 617 

- based on STFD, 326-331, 349, 

351, 357-368 
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- conditions permitting, 324 

- other names for, 324 

- underdetermined, 328 
blurring, see smoothing 
Born-Jordan distribution (BJD), 51, 53, 

55, 74, 76, 77, 171 

- computation of, 271-272 

- discrete, 240, 241, 271 

- kernel decomposition, 266 

- minimum kernel energy property, 

376 

BSS, see blind source separation 
BT product, see bandwidth-duration 
( BT ) product 

burst (EEG pattern), 665-667 
burst suppression (EEG pattern), 664, 
666 

butterfly function, 74, see cone-shaped 
kernel 

C 

canonical pair, 86-87 

- characterization of, 88-93 

- for regular phase signal, 89-91 

- for singular and asymptotic phase 

signals, 92-93 

- with amplitude modulation, 88 
Cauchy principal value, 15 

CDMA (code-division 

multiple-access). . . , see 
spread-spectrum. . . 

CDWR, see cross-term deleted Wigner 
representation 
center of gravity, 291 
central finite-difference (CFD) approx., 
31, 186 

centroid, see local centroid 

CFD. . . , see central finite-difference. . . 

channel 

- linear dispersive, 549-557 

- multiplicative, 567 

- overspread, 414 

- random, 410 

- time- varying, 410 

- underspread, 414, 550 

- WSSUS, see WSSUS channel 
characteristic function, 413, 492 
Chebyshev polynomial, 190, 191 



chirp, 4, see also frequency modulation, 
linear FM, quadratic FM, 
hyperbolic FM 

- and adaptive optimal kernel, 620, 

621 

- detection by fractional 

autocorrelation, 573-574 

- hyperbolic-phase, 92 

- parabolic-phase, 92 

- sweep rate estimation of, 573-574 
Choi-Williams distribution (CWD), 51, 

53, 54, 76, 77, 169-170 

- computation of, 271-272 

- discrete, 240, 241, 271 

- invariance properties of, 172 

- of dolphin click, 176 

- sensitivity to noise, 379 
CIT, see coherent integration time 
clustering 

- of components, 361-362 

- of vectors, 357-363, 366-368 
code-division multiple-access. . . , see 

spread-spectrum. . . 

Cohen’s class, 68n, see quadratic class, 
quadratic TFDs 

coherent integration time (CIT), 
606-613 
communication 

- tetherless underwater channel, 

390 

- wireless channel, 384 
complex envelope, 88 

complex WDF transform (CWT), 578, 
582-583 

- cross-terms avoided by, 582 
complex-time form, see polynomial 

WVDs 

component clustering, 361-362 
component extraction, 361-366 
component separation, 364 
components 

- resolution of, 307 
computation 

- latency of, 269 

- of analytic associate, 268-269 

- of discrete kernels, 270-272 

- of discrete quadratic TFDs, 
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268-278 

- of discrete WVD, 268 

- of fractional Fourier transform, 

152 

- of modified B-distribution, 

274-277 

- of spectrogram, 277-278 

- of windowed DWVD, 268 

- real-time, 269-270 

- throughput of, 269 
concentration 

- and probabilities, 297 

- by analogy with duration, 

299-300 

- measured by Renyi entropy, 

298-299 

- measured by ratio of norms, 

297-298 

- normalized measures, 299 

- of S-method, 301-303 

- of spectrogram, 301 

- optimization of, 302-304 
condition monitoring, see machine 

condition monitoring 
cone-shaped kernel, 74, 171 

- adaptive, 182-183, 620 
conformity 

- index of, 280-283, 285-287, 289 
constant IF, 25 

convolution invariance, 61 
convolutive mixtures 

- separation of, 328-332 
correlation operator, 400, 529 
covariance 

- in the group domain, 105 

- in the time-frequency domain, 

109 

- of bilinear/quadratic TFRs, 109 

- of linear TFRs, 109 
covariance property, 102, 203, 643, 644 
covariance theory of time-frequency 

analysis, 102 

Cramer-Rao bound, 164, 339, 490 
CRB, see Cramer-Rao bound 
CRLS (cascade recursive least squares), 
see neural network 

cross polynomial WVD (XPWVD), 449 



- iterative IF estimation by, 449 
cross-ambiguity function, 552 
cross-correlation 

- 2-D, 668 

cross-spectrogram, 260, 263, 266 
cross-term deleted Wigner 

representation (CDWR), 
620-621, see also Gabor 
expansion 

cross-terms, 62, 63, 94- 101, 620 

- amplitude, 307 

- and localization, 98-100 

- avoided by CWT, 582 

- avoided by TFAR and TFMV, 

585 

- away from origin in Doppler-lag 

domain, 96-97, 170 

- in polynomial TFDs, 191 

- in STFDs, 341, 351, 353 

- in the energy spectrum, 94 

- in the spectrogram, 94-95 

- in the WVD, 94-96 

- location of, 70 

- reduced by using analytic 

associate, 96 

- related to XWVDs, 64 

- statistical, 406 

- suppressed by LI kernels, 217 

- suppression of, 64, 69 
cross-Wigner-Ville distribution 

(XWVD), 155 

- defined, 64 

- in IF estimation, 422-423 
cumulant, 492 

CWD, see Choi- Williams distribution 
CWT, see complex WDF transform 
cyclo-stationarity 

- of engine signals, 638 
cyclostationary random process, 414 

D 

DCT, see discrete cosine transform 
decay time, 41 
dechirping, 34, 186 

- in polynomial WVDs, 448 
deflection, 345 

delay power profile, 412 
delay spread, 415 
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delay-Doppler spread, 139, 415, 506, 
558, 560, 562 

- straight-line, 559-560, 567 
denoising, 473, 522-524 

- experiments, 524 

- mask design for, 523-524 
density distributions, 128 

- as fine organizational data, 129 
detectable dynamic range (DNR), 578 
detection, 531, see also test statistic 

- as hypothesis testing, 344-345, 

502-503, 618-619 

- Bayesian, 507, 508 

- by fractional Fourier transform, 

151 

- by quadratic TFDs, 503-509 

- decentralized, 554 

- of chirps, 573-574 

- of knock, see knock detection 

- of lines, 362 

- optimal, 500-509 

- quadratic, 344-347 

DGT, see discrete Gabor transform 
DI. . . , see Doppler-independent. . . 
differential reassignment, 294 
dilation invariance, 282-283, 293 
direct-sequence spread-spectrum 
communication, 542 
direction-of-arrival (DOA) estimation, 
334-338, 340, 344-347, 349 
discontinuities 

- well handled by wavelet 

transform, 677 

discrete cosine transform (DCT), 318 

- windowed, 318 

discrete Gabor transform (DGT), 521 

- inverse, 521 
discrete PWVDs, 449-450 
discrete SM, 245-248 

- examples, 246-248 

discrete spectrogram, 272-274, 277-278 

- latency of, 274 

- sampling for, 272-273 
discrete TFDs, 232-241 

- aliasing in, 233-234, 237, 241 

- computation of, 268-278 

- derived from standard kernels, 



240-241, 271 

- Doppler-frequency form, 238 

- general quadratic, 235-238 

- IF property for, 239 

- properties related to kernel, 

239-241 

- real-time computation of, 269-270 

- sampling for, 236-238 

- with Doppler-independent 

kernels, 240, 241, 271 
discrete TFPF 

- bias- variance tradeoff, 494 

- iterative algorithm, 494 

- signal scaling, 493-494 

- window length selection, 494 
discrete wavelet packet analysis 

(DWPA), 677 

- in fault diagnosis, 680 
discrete wavelet transform (DWT), 

319-322, 676, 677, see also 
scalogram 

- in interference excision, 543 
discrete WVD, 232-234, 240, 241, 271 

- 2D, 655-659 

- aliasing in, 233-234 

- as discrete quadratic TFD, 237 

- computation of, 268 

- sampling for, 232-234 

- windowed, see windowed DWVD 
discrete WWVD, see windowed DWVD 
discrete-domain frames, 315-322 
dispersion 

- time shift, 205 

- time-frequency characteristics, 

203 

dispersive 

- IF shift, 382 

- spreading function, 386 

- system, 203, 382 

- transformation, 382, 643, 646 
displacement function, 106 

DNR, see detectable dynamic range 
DOA. . . , see direction-of-arrival. . . 
dolphin click 

- binomial distribution of, 266 

- Choi-Williams distribution of, 176 
dominant frequency, 21 
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dominant time, 21 
Doppler (v), 34 

- in radar echo from helicopter, 

585-589 
Doppler effect 

- acoustical, 597-599 

- hydrophone in water, 598-599 

- microphone in air, 597-598 

- vs. Doppler (u), 34n 
Doppler power profile, 412 
Doppler shift, 102, 137 
Doppler spread, 415, 550 
Doppler spreading, 410 
Doppler tolerance, 166 
Doppler, Christian, 597 
Doppler-delay spread, 139, 415, 558, 

560, 562 

- straight-line, 559-560, 567 
Doppler-frequency kernel, 67, 70 
Doppler-independent kernel, 52, 55, 63, 

71, 72, 74, 76, 77, 214-215, 
222, see also windowed WVD 

- and TFD properties, 216-217 

- discrete, 240, 241, 271 

- giving windowed WVD, 215 

- smoothing effect of, 215 
Doppler-invariant signal, 209 
Doppler-lag domain, 69, 70 

- and cross-terms, 96-97, 170 
Doppler-lag kernel, 67, 69 

- and Moyal’s formula, 668 
double convolution, 38, 214 
DSSS..., see direct-sequence 

spread-spectrum. . . 
dual functions, 42, 155 
dual operator, 107 
duration, 16, 18 

- effective, 17 

- Slepian, 17 

duration-bandwidth product, see 

bandwidth-duration ( BT ) 
product 

DWT, see discrete wavelet transform 
DWVD, see discrete WVD 
dyadic sampling grid, 676 
dynamic bandwidth, 26 



E 

EEC, see electroencephalogram 
effective analysis window, 37 
effective bandwidth, 16 
effective duration, 17 
effective lag window, 35 
electro-oculogram (EOG), 664 
electrocardiogram (ECG), 664 
electroencephalogram (EEG) 

- analyzed by B-distribution, 664, 

665, 667-669 

- background patterns, 666-667 

- data acquisition for, 664 

- for seizure detection, 663 

- multicomponent nature of, 663 

- nonstationarity of, 663 

- seizure patterns, 665-666 

- time-frequency analysis of, 

664-665, 668-669 

- time-frequency peak filtering of, 

495, 496 

energy 

- concentration about IF law, 12, 

76, 306 

- of signal, 5 
energy atom, 155 

- oscillation of, 155-156 
energy density, 45, 52 

- quasi-, 508 

energy distributions, 128 

- as smoothed density 

distributions, 128 

- as visual aids, 129 
energy gradient, 45, 52 
energy property, 60 
energy spectrum, 7, 33 

- cross-terms in, 94 
engine pressure signal, 302, 303 
engine sound, 476 

- Gabor coefficients of, 476, 477 
ensemble average, 37 

ensemble view, 116 
entropy 

- Leipnik measure, 300 

- Renyi, 298-300, 305 

- Shannon, 297n, 299-300 

- Zakai parameter, 300 
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estimation, 528 

evolutionary spectrum, 37, 402 

- generalized, 402 

- transitory, 402 
expected ambiguity function 

- generalized, 403, 414 
exponential T-distribution, 443 
extended displacement function, 106 
extraction 

- of components, 361-366 

F 

fading 

- in CDMA communication, 551, 

555 

- in wireless communication, 457 

- Rayleigh, 551, 553, 564 

- reduced by time-frequency 

processing, 553 
fault diagnosis, 671, 673 

- in frequency domain, 673, 674 

- localized, 679, 680 

- nonlinear methods, 673 
fault location 

- in electric power networks, 

631-632 
feature extraction 

- for machine condition monitoring, 

672, 673, 675, 677, 679-681 
feature selection, 672 

- in gearbox fault detection, 678 
feature space, 672 

filter, see time-frequency filter 
filter bank, 42 

- perfect reconstruction, 320, 321 
filtered ambiguity function, 68, 69. 161, 

170, 180, 181 

- for separable kernel, 214 
filtered WVD, 36 

finite bandwidth, 16 
finite duration, 17 

finite-element method (FEM), 635, 638 
Fisher information, 117 
Fisher information matrix, 164 
FM-like signals 

- underdetermined BSS for, 

357-368 

FM. . . , see frequency modulation. . . 



Form I (of polynomial WVD), 189, 190 
Form II (of polynomial WVD), 189, 190 
Form III (of polynomial WVD), 189 
Fourier series, 628 
Fourier transform (FT), 7 
fractional autocorrelation theorem, 
571-572 

fractional convolution, 569-572 

- alternative formulations, 570-572 

- special cases of, 570 
fractional correlation, 569-572 

- alternative formulations, 570-572 

- and ambiguity function, 572 

- and chirp detection, 573-574 

- auto-, 570 

- computational complexity of, 571, 

573 

- cross-, 569-570 

- special cases of, 570 
fractional Fourier transform, 223-224, 

568-569 

- and Hermite-Gauss functions, 146 

- applications of, 151-152 

- computational complexity of, 152 

- defined, 146 

- global moments of, 148-150 

- invariance properties of, 149-150 

- local moments of, 150-151 

- of common functions, 148 

- of linear FM signal, 151 

- properties, 147 

- rotation property, 146-147, 223, 

569 

- special cases of, 223 
fractional power spectrum 

- defined, 147-148 

fractional-powers form, see polynomial 
WVDs 

frame, 315, 321 

- cascaded, 319-321 

- defined, 315 

- discrete-domain, see 

discrete-domain frames 

- dual, 315 

- pseudo-, 315 
frame operator, 315 
frequency covariance, 60, see 
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frequency-shift invariance 
frequency extent, 74 
frequency marginal, 60 
frequency modulation, see also chirp, 
linear FM, quadratic FM, 
hyperbolic FM 

- law, 4, 21 

- of multiple components, 510 

- rate (nonlinear), 511 
frequency resolution, 39 
frequency support, 61, 74, 171 

- discrete, 240 

- strong, 46 

frequency window, 35, 36, 70 
frequency-dependent modulation 
function, 136 

frequency-invariant system, 135 
frequency-invariant WSSUS channel, 
413 

frequency-shift invariance, 60, 74, 172, 

' 203 

- of robust WD, 397 

- preserved by reassignment, 292 
FRFT, see fractional Fourier transform 
FT, see Fourier transform 

G 

Gabor coefficient, 155, 477-480 

- of engine sound, 476, 477 
Gabor expansion, 155, 620-621 

- critical sampling in, 477 

- discrete, 476-479 

- dual window functions, 477-479 

- in time-varying filtering, 476-480 

- oversampling in, 252, 254-256, 

477 

- product form, 254 

- sum-of-products form, 255 

- with non-orthogonal sampling, 

252, 257-259 

- with rectangular lattice, 252-253 
Gabor filter, 470 

Gabor spectrogram, 153-158 

- concept of, 154 

- convergence to WVD, 156 

- defined, 154-156 

- of bat sound, 156 

Gabor transform, 42, 253, 316, 321, 470 



- discrete, see discrete Gabor 

transform 

- in interference excision, 543 

- multi-window, 317 

- oversampling in, 254-256 

- product form, 254 

- sum-of-products form, 255 
Gabor transform pair 

- orthogonal-like, 478, 480 
Gabor, Dennis, 17n, 41, 114, 252, 422 
GAF, see generalized ambiguity 

function 

Gaussian process 

- complex circular, 460 
Gaussian signal, 18, 22, 503 

- as basis function, 154 

- in derivation of Gabor 

spectrogram, 154 
GDS. . . , see group delay shift. . . 
generalized ambiguity function (GAF), 
68, 195-196, see also filtered 
ambiguity function 

- for polynomial phase estimation, 

196 

generalized evolutionary spectrum, 402 
generalized expected ambiguity 
function, 403, 414 
generalized impulse, 206, 207 
generalized likelihood ratio test 

(GLRT), 346, 347, 502-504, 
507-509, see also likelihood 
ratio detector 

generalized marginals, 183, 224-228, 282 
generalized Radon transform, 283 
generalized spreading function, 137, 

403, 411, 469 

generalized Weyl filter, 467 
generalized Weyl symbol, 135, 400, 402, 
408, 411, 467, 528 
generalized Wigner distribution 

(GWD), 136, 196-198, 400, 
533, 623 

- application of, 197-198 

- discrete, 198 

generalized Wigner-Ville spectrum, 400, 
414, 528 

generalized-marginal property, 225 
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generalized-marginal TFDs, 225-228 

- kernel examples, 227 

- kernel properties, 227 
Givens rotation, 354-355 
global energy property, 60 

GLRT, see generalized likelihood ratio 
test 

group, 103 

group delay, 23, 107, 634, 644, see also 
time delay 

- constant, 644 

- dispersive, 644 

- exponential, 210 

- hyperbolic, 208, 283 

- local, 291 

- nonlinear, 203, 644 

- power-function, 209, 643-645, 

647, 649 

group delay shift (GDS) covariance, 
203-212 

group velocity, 631, 632 
GWD, see generalized Wigner 
distribution 

H 

Haar window, 260, 263 
Hadamard product, 350 
HAF, see higher-order ambiguity 
function 

halfband system, 472 
Hamming window, 218 
Hankel form, 243 

Hanning window, 218, 301, 373, 380 
Heisenberg uncertainty relation, 41, 

290, see also uncertainty 

- and singular functions, 561 

- applied to marginals, 114 

- in quantum mechanics, 41n 

- misleading as limit on resolution, 

114-115 

helicopter 

- radar echo from, 585-586 

- sound from, 597, 601 
Hermite function expansions, 131 -132 
Hermite normal form, 257 
Hermite-Gauss functions, 146 
Hermitian operator, 122, 124 
Hermitian symmetry, 13 



Hessian, 117 

higher-order ambiguity function (HAF), 
452, 594 

- for multiple component analysis, 

453 

- for single component analysis, 453 
higher-order cumulants, 463 
higher-order IAF, 187 

higher-order moment, 463 
higher-order spectra, 463, 622 

- bispectrum, 622, 623 

- time-varying, 462, 463 

- trispectrum, 328, 623 
Hilbert space, 281, 315 
Hilbert transform, 14, 15 
Huber M-estimates, 392, 393, 399 
human visual system (HVS), 651, 

659-661 

HVS, see human visual system 
hyperbolic 

- class, 112, 643 

- FM signal, 62, 166, 282-283, 

286-287, 389, 511, 620 

- frequency-shift operator, 110 

- time-frequency structure, 387 

- transformation, 387 

- wavelet transform, 112 
hyperbolic T-distribution (HTD), 441, 

see modified B-distribution 
hyperbolic-phase chirp, 92 

I 

IAF, see instantaneous autocorrelation 
function 

IDGT, see discrete Gabor transform 
(inverse) 

IF. . . , see instantaneous frequency. . . 
IFT, see inverse Fourier transform 
image dissimilarity 

- measured by 2D WVD, 659-660 
image distortion, 651, 659-661 
image quality, 651, 660 

- as signal-to-noise ratio, 659, 661 

- time-frequency measures of, 

659-661 

impulse 

- generalized, 206, 207 
impulse noise, 392, 393, 397, 399 
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- and TFDs, 392 
impulse signal, 206 

index of (dimensional) conformity, 
280-283, 285-287, 289 
index of significance, 281, 283, 289 
information 

- spectral, 116-121 

inner artifacts, 62, 73, 74, 76, 98 

- suppressed by DI kernels, 217 

- suppressed by polynomial WVDs, 

190 

inner-product invariance, 62, 282 
innovations system, 401 
instantaneous amplitude, 11, 20 
instantaneous autocorrelation function 
(IAF), 33, 47, 66 

- higher-order/polynomial, 187 

- spatial, 349 

instantaneous bandwidth, 11, 307 
instantaneous cross-correlation function, 
63 

instantaneous Doppler, 607-613 
instantaneous frequency (IF), 9, 11, 19, 
20, 22, 25, 26, 76, 86-93, 107 

- adaptive estimation of, 429-446 

- density of, 295 

- dispersive, 510 

- dispersive change of, 382 

- encoding signal as, 489-490 

- estimated by matched 

spectrogram, 423-427 

- estimated by maxima of MBD, 

442-445 

- estimated by maxima of 

quadratic TFDs, 438-441, 443 

- estimated by maxima of 

spectrogram, 437-438, 445 

- estimated by maxima of TFDs, 

429 

- estimated by polynomial WVD, 

187-188, 453-455 

- estimated for noisy signals, 429 

- estimated for random signals, 

422-427 

- hyperbolic, 510 

- hyperbolic shifts, 386 

- lag window affecting estimate of, 



439-440 

- local, 291 

- localization by WVS, 457 

- mean, 25 

- measurement of, 310 

- nonlinear, 510 

- of EEG signal, 666 

- of EEG template, 669 

- of electric power disturbance, 

629-634 

- of engine noise, 637 

- of engine pressure signal, 635, 

636, 638 

- power-function, 388 

- property, 61, 74, 187-188, 239 

- unbiased estimation of, 76 

- uniqueness of, 86 

- visualization of, 72 
instantaneous mixtures 

- separation of, 325-328, 331 
instantaneous phase, 20, 21, 26 

- parametric estimation of, 593-595 
instantaneous power, 5, 33 
integer-powers form, see polynomial 

WVDs 

interference 

- traded against localization, 

99-100 

interference terms, 13 
intermediate frequency (IF) 

- definitions of, 422 
interpolation, see oversampling 
inverse Fourier transform (IFT), 8 
inverse Gabor transform, 42 
inverse synthetic aperture radar 

(ISAR), 590 

inverse time-frequency problems, 
601-604 
invertibility 

- of WVD, 61 
invertible signal, 22 

ISAR, see inverse synthetic aperture 
radar 

iterated projections distribution, 183 

J 

Jacobi diagonalization, 327, 330, 355 
JAD, see joint anti-diagonalization 
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Jakes Doppler power profile, 413 
jammer, 543, 546-547 
Janssen’s interference formula, 99 
JBD, see joint block-diagonalization 
JD, see joint diagonalization 
jet aircraft 

- sound from, 599, 600 

JOD, see joint off-diagonalization, joint 
anti-diagonalization 
joint anti-diagonalization (JAD), 
327-328, see also joint 
off-diagonalization 
joint block-diagonalization (JBD), 
330-331 

joint diagonalization (JD), 326-327, 
351-352, 354-355 
joint distributions 

- axis transformation approach, 123 

- by linked signal/ axis 

transformations, 124-126 

- construction of, 122-123 

- signal transformation approach, 

124 

joint off-diagonalization (JOD), 

351-352, 354-355, see also 
joint anti-diagonalization 
Joint Photographic Experts Group 
(JPEG) coding, 660, 661 
joint spatial/spatial-frequency. . . , see 
spatial/spatial- frequency. . . 

K 

Kaiser window 

- 2D extension of, 657 
Karhunen-Loeve Transform (KLT), 261 
kernel, 52, 60, see also 

Doppler-frequency kernel, 
Doppler-lag kernel, kernel 
filter, time-frequency kernel, 
time-lag kernel 

- and variance of TFD, 377-379 

- as filter, 70n, 71 

- as in “signal kernel”, 30-31 

- computation of, 270-272 

- decomposition into spectrogram 

kernels, 260-266, 502 

- discrete, 240, 241, 270-272 



- Doppler-independent, 52, 55, 63, 

71, 72, 76, 77, 214-215, 222, 
240, 241, 271 

- energy of, 375-376 

- for selected discrete quadratic 

TFDs, 240, 271 

- generalized-marginal, 227 

- lag-independent, 55, 72, 215, 222 

- optimizing parameter of, 309, 

312, 313 

- separable, 55, 71-72, 97-98, 

213-222, 292-293 

- singularities in, 271-272 

- time-only, see lag-independent 

kernel 

- transformations of, 67 
kernel filter, 70, 71, see kernel 
Kirkwood-Rihaczek distribution, 45, see 

Rihaczek distribution 
Klauder wavelet, 288 
KLT, see Karhunen-Loeve Transform 
(KLT) 

knife-edge ridge, 30 

knock detection, 534, 635-637 

- by observing single combustions, 

639- 640 

- by power and energy estimation, 

640- 641 

- by S-method, 639-641 

- position of sensors for, 638-639 

- sampling for, 639 

- signal models for, 635-638 
Kohn-Nirenberg symbol, 136 

L 

L-Wigner distribution (LWD), 248-249 

- optimal lag window for, 432 
lag-independent kernel, 55, 72, 74, 215, 

222 

- and TFD properties, 216-217 

- smoothing effect of, 215 
Laplacian distribution, 393 
latency, 269 

- of discrete spectrogram, 274 
LD, see Levin distribution 
leakage, see spectral dispersion 
Leipnik entropy measure, 300 
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Levin distribution (LD), 49, 53, 54, 76, 
77 

- defined, 46 

- discrete, 240, 241, 271 
LFM, see linear FM 

LI. . . , see lag- independent. . . 

Lie group, 104 

likelihood ratio detector, 532, see also 
generalized likelihood ratio 
test 

- time-frequency design, 534 

- time-frequency formulation, 533 
line detection, 362 

linear FM signal, 6, 8, 29 

- as test signal, 4 

- defined, 4 

- finite-duration, 34 

- for frequency-hopped CDMA, 357 

- IF of, 4 

- in multiplicative noise, 457-458 

- optimal window duration for, 40 

- TFDs of, 52 

- Wigner-Ville spectrum of, 

457-460 

linear frequency sweep, 4 
linear mixtures 

- blind separation of, 324-333 
linear phase, 23 

linear time-frequency representations, 

65, 102 

linear time-varying channel, 410, 558 

- optimal waveforms for, 566-567 
linear time-varying system, 135, 402, 

407, 410, 466, 528, 558 

- nonlinear frequency shift in, 382 
Lloyd’s mirror effect, 599-601 

- nodal frequencies, 600-601 
local centroid, 291, 292 

local cross time-frequency product, 132 

local energy, 72 

local ergodicity, 37, 463 

local frequency bandwidth, 132 

local time bandwidth, 132 

localization, 4 

- and cross-terms, 98-100 

- as by-product of interference, 98, 

99 



- traded against interference, 

99-100 

localized spectrum, see short-time 
Fourier transform 

logon, 41 

loss function, 392-394, 396, 399 
LTV. . . , see linear time- varying. . . 
LWD, see L-Wigner distribution 

M 

Af-STFT, see robust STFT 
machine condition monitoring, 671-672, 
674, 677, 681 

- and diagnosis, 672-673 

- data acquisition for, 672, 677, 

679, 680 

- during transient states, 674-675 
magnitude spectrum, 7, 9 
Mahalanobis distance, 678 

MAI, see multiaccess interference 
mainlobe amplitude, 306, 307 
mainlobe bandwidth, 306 
Margenau-Hill distribution, 46, see 
Levin distribution 
marginal median, 395 
marginal properties, 33, 45, 114, 401, 
402 

- and the kernel, 224-225 

- discrete, 239 

- violated by spectrogram, 73 
marginals 

- generalized, 183, 224-228, 282 
Marinovich-Altes distribution, 126 
masked WVD, 65 

matched spectrogram, 422, 427 

- computation of, 423-427 

- convergence of computation, 

424-427 

- in IF estimation, 423-427 

- proof of convergence, 424-427 

- rate of convergence, 426-427 

- window of, 422, 426, 427 
matching pursuit 

- adaptive (modified), 511 

- adaptive algorithm, 512 

- concept, 510 

- dictionary of waveforms, 511 

- iterative algorithm, 510 
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Matlab™ code, 274, 275, 278, 349, 
350, 352, 353, 355, 527, 665 
maximum likelihood (ML), 393 
MBD, see modified B-distribution 
mean IF, 25 

mean instantaneous intensity, 400 
mean squared error (MSE) 

- minimum (MMSE), 555 

- of IF estimation, 429, 430, 433 

- of PWVD-based IF estimate, 

453-455 
mean value 

- of quadratic TFD, 374 
median WD, 397-398 
Mellin transform, 124, 283 
Mellin-Fourier duality, 162 
Mexican hat wavelet, 676 

minimax Huber M-estimates, 392, 393, 
399 

minimax robust Wiener filter, 531 
minimum description length (MDL), 
360 

missile tracking, 605-614 

- and instantaneous energy, 

611-614 

mixing matrix, 325, 334 
ML, see maximum likelihood 
mobile radio channel, 410 
modified B-distribution (MBD), 51, 53, 
75-77, 217-218, 310, 313 

- computation of, 274-277 

- discrete, 218, 240, 241, 271 

- IF estimation by, 442-445 

- lag-independent kernel of, 218, 

441 

- of bat sound, 438 

- properties of, 441-442 

- versus spectrogram, 439 
modulation invariance, 61 
moments 

- of fractional Fourier transform, 

148-151 

monocomponent FM signal, 11 
monocomponent linear FM signal, 76 
monocomponent signal, 19, 306 

- imprecision of terminology, 98 

- optimal window duration for, 40 



Monte Carlo method, 340, 460, 462, 535 
Morlet wavelet, 676 
moving targets 

- discriminated from fixed, 595 
Moyal’s formula, 163, 287, 565, 668 

- and Rihaczek distribution, 668 

- related to Doppler-lag kernel, 668 

- satisfied by WVD, 668 
MSE, see mean squared error 
multiaccess interference (MAI), 551, 554 
multicomponent FM signal, 11 
multicomponent signal, 19, 306, 357, 

358 

- imprecision of terminology, 98 

- instantaneous frequencies of, 12, 

437-441, 443-446 

- testing AMMP method, 515 

- time-frequency peak filtering of, 

495, 496 

- WVD of, 63 

multipath propagation, 410 
multipath spread, 550 
multiple IFs, 12 

multiplicative noise, 13, 457, 460 

- analyzed as additive, 380 

- polynomial phase estimation in, 

200-201 

multiplicative system, 560, 567 
multiwindow Gabor filter, 470 
multiwindow STFT, 530, 534 

- filter based on, 468 
MUSIC, 337-340, 343 

- ambiguity-domain (AD-MUSIC), 

337-338, 340 

- time- frequency (t-f MUSIC), 338, 

340-341 

musical notation 

- as time-frequency representation, 

5 

N 

negative frequency, 13 
neural network, 622 

- in machine condition monitoring, 

673, 678, 680 

NLS, see nonlinear least-squares 
noise 

- additive, see additive noise 
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- analytic, 376 

- complex white, 375, 377-380 

- impulse, see impulse noise 

- in quadratic TFDs, 374-376, 668 

- in TFDs, 372-381 

- in windowed WD, 372-374 

- multiplicative, see multiplicative 

noise 

- nonstationary white, 374-375, 

379-380 

- real, 376 

- stationary colored, 374-375, 380 

- stationary white, 374, 377-379 

- thresholding, 359, 364 
noisy miner, 312, 313 
noisy signals 

- polynomial WVD of, 448, 449 

- quadratic TFDs of, 376-380 
non-negativity, 73, see “positivity” 
non-orthogonal sampling, 256-257 
nonlinear FM signal, 185 

- as basic atom, 511 

- examples of, 185 

- WVD of, 62 

nonlinear frequency shift, 382 
nonlinear least-squares (NLS) method, 
598-604 

nonstationary interference, 543, 546-547 
nonstationary random process, 382, 400, 
528 

- cyclostationary, 414 

- jointly underspread, 528, 529, 533 

- overspread, 404, 406 

- underspread, 404, 405, 528 

- white, 401, 402, 404 
nonstationary signals, 5 

- detection, 531 

- estimation, 528 

nonstationary spectral correlation, 504, 
505 

notation 

- standardization of, vii 
nuisance parameters, 500, 502, 503 

- and covariance properties, 500, 

504 

- random, 507 
Nyquist term, 269 



O 

observation time 

- optimal, 116-121 
OFDM, see orthogonal frequency 

division multiplexing 

operator 

- integral, 203, 383, 644 
optimal signal detector, see likelihood 

ratio detector 

optimal signal estimator, see Wiener 
filter 

orthogonal frequency division 

multiplexing (OFDM), 417, 
418, 557, 567 

orthogonal-like functions, 522 
orthogonal-like Gabor transform pair, 
478, 480 
orthogonality 

- quasi-, 358 

- time-frequency, 358-360, 366 
outer artifacts, 63, 73, 74, 76, 98 

- suppressed by LI kernels, 217 
oversampling 

- rational, 254-256, 259 
overspread process, 404, 406 
overspread system, 139, 143, 529, 533 
overspread WSSUS channel, 414 

P 

p-point uncertainty class, 531 
Page distribution, 50, 53, 54, 76, 77 

- defined, 44-45 

- discrete, 240, 241, 271 
parabolic-phase chirp, 92 
parameters 

- of signals, see signal models, 

signal parameters 
Parseval’s relation, 163, 483, 652 

- for fractional Fourier transform, 

149 

partial displacement operator, 104 
pattern recognition 

- in machine condition monitoring, 

672, 677, 678, 681 

PCA, see principal component analysis 
peak detection and tracking, 362, 
364-366, 368 

periodic auxiliary function, 478 
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PFFs, see product-function frames 
phase, 12 
phase delay, 23 
phase lag 

- of Hilbert transformer, 14 
phase signals, 89 

- regular, 89-91 
phase spectrum, 7, 9 
pitch, 5 

polynomial FM signal, 185, see 

polynomial-phase signal 
polynomial IAF, 187 
polynomial phase estimation, 198-201, 

450-452 

- for constant amplitude, additive 

noise, 198-200 

- for multiplicative & additive 

noise, 200-201 

- using the GAF, 196, 198-199 

- using the GWD, 199-200 
polynomial phase transform (PPT), 193 
polynomial TFDs, 185-191, 193-202, 

see also polynomial WVDs 

- derivation of, 194-195 

- mathematical foundations of, 

193-194 

polynomial WD, 187 

polynomial WVDs, 185-191, 193, 197, 

201, 461-463 

- coefficients of, 188-190 

- cross, see cross polynomial WVD 

- cross-terms in, 191 

- derivation of, 185-187 

- discrete, 449-450 

- for multiple component analysis, 

453 

- for single component analysis, 453 

- general definition of, 187 

- IF estimation by, 438, 447-449, 

453-455 

- IF property of, 187-188 

- in time-frequency peak filtering, 

493 

- of multicomponent signals, 191 

- of noisy signals, 448, 449 

- optimal lag window for, 432 

- reducing to ordinary WVD, 



189-190 

- S-method for, 249-250 

- signal kernel of, 186, 448 

- sixth-order, 190, 191, 462 

- suppressing inner artifacts, 190 

- symmetry about IF, 187-188 

- with complex time, 189 

- with fractional powers, 189-190 

- with integer powers, 189-190 
polynomial- phase signal (PPS), 185, 

460, 461 

- detection of, 196 

- estimation of phase, see 

polynomial phase estimation 

- in additive noise, 447-455 

- in model of radar echo, 593-595 

- matched spectrogram of, 427 
positivity, 62, 73, 78 

power class, 643-646 

- applied to beam impulse 

response, 648-649 

- applied to localized signal 

analysis, 643-644 

- formulation of, 645-646 

- importance of, 643 

- /tth, 644-645 

- members of, 646-647 

- tested on synthetic data, 647-648 
power impulse, 643 

power quality, 628-629 

- time-frequency assessment of, 

629-631 

power spectral density (PSD), 36, 400 

- frequency resolution in, 307 
power spectrum, 153 

- time-dependent, 153 
power time shift property, 644 
power Wigner distribution, 646 

- smoothed pseudo, 646-649 
power- function 

- time-frequency representation, 

388 

- transformation, 388 
powergram, 646, 647 

PPS, see polynomial-phase signal 
principal component analysis (PC A), 
261 
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product kernel, 71 
product transform, 317, 321 
product-function frames (PFFs), 321 

- for non-periodic spaces, 317-319 

- for periodic spaces, 316-317 
projective group representation, 103 
projectogram, 262 

Prony method, 622, 624 
PSD, see power spectral density 
pseudo-frame, 315 
pseudo- Wigner distribution 

- affine-smoothed, 647-649 
pseudo- WVD, see windowed WVD 
PWD (pseudo-Wigner distribution), see 

windowed WVD 
PWVDs, see polynomial WVDs 

Q 

Q-distribution, 209, 387, 515 

- and the ambiguity function, 162 
QTFRs (quadratic time-frequency 

representations), see 
quadratic TFDs, 
bilinear / quadratic 
time- frequency 
representations 

quadratic class, 68, 102, 106, 110, 168, 
170, 203, 501, 643 
quadratic FM signal 

- IF estimation of, 462 
quadratic TFDs, 67, 74, 102, 170 

- adaptive, 180-183 

- affine class of, 643, 645-650 

- computation of, 268-278 

- design of kernels for, 71, 170-173 

- desirable properties of, 72-73, 76, 

440-441 

- detection by, 503-509 

- discrete, 232-241 

- generalized-marginal, 225-228 

- hyperbolic class of, 643 

- IF estimation by, 438-441 

- in machine condition monitoring, 

674 

- kernel decomposition, 260-263 

- noise in, 374-376, 668 

- of noisy signals, 376-380 

- power-class, 643-650 



- properties related to kernel, 

74-75, 216-217, 239-241 

- real-time computation of, 269-270 

- S-method in, 242-245 

- subclass V of, 73 

- subclass V' of, 73 

- table of, with properties, 77 

- time/frequency covariance of, 643 

- variance of, 374-376, 381 

- with Doppler-independent 

kernels, 52, 55, 63, 71, 72, 76, 
77, 214-215, 240, 241, 271 

- with lag-independent kernels, 55, 

72, 215 

- with reassignment, 292 

- with separable kernels, 55, 71-72, 

97-98, 213-222, 292-293 
quadrature signal, 14 
quasi-energy density, 508 
quasi-orthogonality 

- time-frequency, 358 

R 

radar 

- and the ambiguity function, 69, 

160 

- fluctuating target in, 457 

- HF line-of-sight, 605-608, 610, 

612 

radially Gaussian kernel, 182 
Radon transform 

- generalized, 283 
Radon-Wigner distribution 

- rotation of, 224 
Radon-Wigner transform, 148 
RAKE receiver, 551-552, 555-556 
random time-frequency shift, 413 
random time-varying channel, 410 
range-velocity transformation, 160 
rational oversampling, 254-256, 259 
Rayleigh fading, 551, 553, 564 

RC, see reconstruction collection 

RD, see Rihaczek distribution 
real-time computation, 269-270 
real-time filtering 

- of speech, 481, 483 
realness, 60, 74 
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- computational exploitation of, 

269-270 

- of polynomial WD, 187 

- of robust TFDs, 398 

- of robust WD, 396 
reassigned smoothed pseudo 

Wigner-Villc distribution 
(RSPWVD), 292-293, 591, 
593-594 

reassignment points 

- asymptotic, 294 
reassignment principle, 290-295 

- and bilinearity, 292 

- and time-frequency “squeezing”, 

292, 295 

- and time/frequency shift 

invariance, 292 

- differential reassignment, 294 

- fixed points, 295 

- for component separation, 294 

- for quadratic TFDs, 292 

- for scalogram, 295 

- for separable kernels, 292-293 

- for signal/noise discrimination, 

294 

- for spectrogram, 290-292 

- for the affine class, 293-294 

- histogram, 295 

- supervised reassignment, 294 
reconstruction collection, 315, 316, 318 
reduced interference, 73, 74 
reduced-interference distribution, 66, 

76, 213 

- adaptive, 183 

- compared, 175 

- computation of, 260 

- design of, 76 

- design of kernels for, 170-173 

- discrete kernels for, 173-175 

- in Doppler-lag domain, 169-170 

- of dolphin click, 176 

- of electric power disturbances, 

628-631, 634 

- optimization of, 173 

- support properties, 171 
regular phase signals, 89, 90 

- properties of, 91 



relaxation time, 26, 40 
Renyi entropy, 298-300, 305 
reproducing kernel, 162 
residual spectrogram, 394, 398 
resolution, 73 

- evaluation of, 309 

- of components, 307 
resolved components, 307 
RID, see reduced- interference 

distribution 

Riliaczek distribution (RD), 48, 53, 76, 
77 

- and Moyal’s formula, 668 

- defined, 45 

- discrete, 240, 241, 271 
Riliaczek spectrum, 401 
ringing, 182, 659 

road detection algorithm, 362, 367 
road network tracking algorithm 

- in underdetermined BSS, 362-366 
robust spectrogram, 392-395, 397, 398 
robust STFT, 392-395 

- iterative realization, 394-395 

- vector filter realization, 395 
robust time-varying Wiener filter, 530 
robust Wigner distribution, 396-398 

- properties of, 396-397 
rotation property, 223 
RSPWVD, see reassigned smoothed 

pseudo Wigner-Villc 
distribution 

running energy spectrum, 44 

running spectrum, 43 

running transform, 44 

RWT, see Radon-Wigner transform 

S 

S-method, 242-251 

- affine form, 245 

- and L- Wigner distribution, 

248-249 

- and polynomial WVDs, 249-250 

- basic form, 242-244 

- concentration of, 301-303 

- cross-terms in, 243 

- discrete realization, 245-248 

- examples, 246-248, 250 
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- forms in quadratic TFDs, 

242-245 

- fractional domain form, 244 

- in spectral subtraction filtering, 

487 

- related to STFT, 639 

- sensitivity to noise, 379 

- time direction form, 244 
sampling 

- for discrete quadratic TFDs, 

236-238 

- for discrete spectrogram, 272-273 

- for discrete WVD, 232-234 

- for windowed DWVD, 235 

- ideal, 232 

SAR, see synthetic aperture radar 
scalar product, see inner product 
scale covariance, 172, 210 
scale modulation, 318-319, 321 
scale operator, 124 
scaling property, 644 
scalogram 

- cross-terms in, 94, 622 

- related to wavelet transform, 94, 

294, 621 

- with reassignment, 295 
scattering, 506, 615, 616, 621, 623-624 

- by rotating rigid body, 591-593 

- in missile tracking, 607, 609, 

611-613 

scattering function, 411, 506, 551 
seizures 

- definition of, 663-664 

- linear FM with decreasing 

frequency, 665, 667 

- linear FM with quasi-constant 

frequency, 665, 667 

- matched detection of, 666 

- neonatal vs. adult, 663 

- piecewise-linear FM, 666-667 

- time-frequency detection of, 

666-669 

- time-frequency patterns of, 

665-667 

self-adjoint operator, 122 

- eigensystem of, 262, 264 
separable kernel, 55, 71 72, 74, 77, 



97-98, 213-222 

- and TFD properties, 216-217 

- design examples, 217-218 

- general theory of, 213-214 

- numerical examples, 218-221 
separate convolutions in t and /, 71 
separation 

- of components, 364 
separation measure, 308 
Shannon entropy, 297n, 299-300 
short-time ambiguity function, 182 
short-time Fourier transform (STFT), 

102, 106, 110, 468, 477, 500 

- adaptive, 178-180 

- and S-method, 639 

- and the ambiguity function, 162 

- defined, 38 

- in realization of higher-order 

TFDs, 248-250 

- in realization of quadratic TFDs, 

242-245 

- in speech filtering, 483 

- multiwindow, 530, 534 

- robust, 392-395 

SIAF, see spatial instantaneous 

autocorrelation function 
sidelobe amplitude, 306, 307 
Siebert’s self-translation property, 164 
signal classification, 510 
signal decomposition 

- by matching pursuit algorithm, 

510, 513 

signal detection, 531 
signal enhancement, 528 
signal estimation, 528 
signal formulations, 12 
signal kernel, 30-31, 194 

- for polynomial WVD, 186, 448 
signal measures 

- extended to two dimensions, 

129-130 

- in one dimension, 129 
signal models, 12 

- parameters of, 12, 13 
signal parameters, 310 
signal spread, 41 

signal transformation, 124- 125 
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significance 

- index of, 281, 283, 289 
singular function, 558-561, 564-566 
singular value, 559, 561, 564-566 
singular- value decomposition (SVD), 

563-564, 622 
sinusoidal FM signal, 39 

- defined, 4 

- IF of, 4 

Slepian bandwidth, 17 
Slepian duration, 17 
Slepian, David, 17 
SM, see S-method 
smearing, 39n, see smoothing 
smoothed pseudo Wigner-Ville 

distribution, 97-98, 292-293 

- has separable kernel, 213, 222 

- reassigned (RSPWVD), 292-293, 

591, 593-594 
smoothed SIAF, 349 
smoothed WVD, 51, 312 
smoothing 

- as convolution, 48 

- versus “squeezing”, 292 
sonar, 510, 615-618 

- and the ambiguity function, 160, 

618 

sonogram, see sonograph 
sonograph, 42 

- defined, 43 

- related to spectrogram, 43 
source parameter estimation, 601-604 

- broadband, 603-604 

- narrowband, in air, 601-602 

- narrowband, in water, 602-603 

- wavelet denoising for, 603 
sparse decomposition, 366 

spatial instantaneous autocorrelation 
function (SIAF), 349 

- smoothed, 349 

spatial TFD (STFD), 325, 334-343, 
349-356 

- auto-term points, 359 

- auto-terms in, 351, 353 

- cross-terms in, 341, 351, 353 

- for blind source separation, 

326-331 



- in blind source separation, 

357-368 

- matrices, 329-331 

- quadratic, 334, 349 

- structure under linear model, 351 
spatial/spatial- frequency 

representations, 652-654, 
658-661 

- image quality and, 651 
spectral autocorrelation function, 35, 66 
spectral complexity, 116 

spectral disjointness, 15 
spectral information, 116-121 

- for nonstationary signals, 118-121 

- for stationary signals, 116-118 
spectral subtraction 

- SM-based, 487 

- spectrogram-based, 485, 487 
spectrogram, 39, 47, 53, 54, 76, 77, 501 

- adaptive, 178-180 

- approximate decomposition into, 

264-266, 506 

- as energy distribution, 128 

- as special case of S-method, 243 

- auto-, 260 

- computation of, 277-278 

- concentration of, 301 

- cross-, 260, 263, 266 

- cross-terms in, 94-95 

- decomposition into, 260-266, 502, 

505 

- defined, 38 

- discrete, 240, 241, 271-274, 

277-278 

- IF estimation by, 437-438 

- in spectral subtraction filtering, 

485, 487 

- in speech filtering, 483-484 

- in time-varying Wiener filter, 484 

- limitations of, 153, 168 

- marginals violated by, 73 

- matched, see matched 

spectrogram 

- of bat sound, 438 

- optimal window duration for, 39, 

40, 432 

- related to sonograph, 43 
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- residual, 394, 398 

- robust, 392-395 

- sensitivity to noise, 379 

- subsumed by quadratic TFDs, 77 

- variance of, 381 

- with reassignment, 290-292 
speech 

- time- varying filtering of, 481-486 
speech enhancement, 473 

spread function, see delay-Doppler 
spread 

spread-spectrum communication 

- code-division multiple-access 

(CDMA), 357, 549, 551-557 

- described, 542 

- direct-sequence, 542 

- interference mitigation in, 

542-547, 553-557 

- reduction of fading in, 553 
spreading function, 550 

- dispersive, 386 

- generalized, 137, 403, 411, 469 

- hyperbolic, 387 

- narrowband, 384 

- power, 388 

- wideband, 384 
SPWVD, see smoothed pseudo 

Wigner-Villc distribution 
SS. . . , see spread-spectrum. . . 
statistical cross-terms, 406 
steering vector, 334 
STFD, see spatial TFD 
STFT, see short-time Fourier transform 
STFT filter, 468 
strong frequency support, 46 
strong time support, 46 
supervised reassignment, 294 
Sussman ambiguity function, see 
ambiguity function 
symmetrical ambiguity function, see 
ambiguity function 
synchrosqueezed plane, 295 
synthetic aperture radar (SAR) 

- basic principles, 590-591 

- inverse (ISAR), 590 

- RSPWVD used in, 591, 593-594 
system 



- adjoint, 140 

- approx. 

eigenfunctions / eigenvalues of, 
141 

- halfband, 472 

- innovations, 401 

- linear frequency-invariant, 135 

- linear time-invariant, 135 

- linear time-varying, 135, 402, 407, 

410, 466, 528, 558 

- overspread, 139, 143, 529, 533 

- random time- varying, 410 

- underspread, 138, 140, 407, 467, 

528, 558-567 

- wideband, 390 
system identification, 519-527 

- using chirp signal, 519 

- using pseudo-random signal, 519 

T 

t-f MUSIC, see MUSIC 
TBM (theater ballistic missile), see 
missile tracking 

TBP (time-bandwidth product), see 
bandwidth-duration (BT) 
product 

test statistic, 345-347, 502-508, 532, see 
also detection 

- optimal, 345-347, 502 
TFAR. . . , see time-vs-frequency 

autoregressive. . . 

TFDs, see time-frequency distributions 
TFMV. . . , see time-vs-frequency 
minimum-variance. . . 

TFPF, see time-frequency peak 
filtering, discrete TFPF 
TFRs, see time-frequency 
representations, 
time-frequency distributions 
TFSA package, 190, 278, 665 
TFSP, see time-frequency signal 
processing 

thresholding constant, 523-524 
time average, 37 

time covariance, 60, see time-shift 
invariance 

time delay, 9, 22, 25, 26, 61 

- critique of terminology, 22n 
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time delay property 

- discrete, 239 
time extent, 74 
time marginal, 60 
time of arrival 

- of electric power disturbances, 

631-634 
time resolution, 39 
time support, 61, 74, 171 

- discrete, 239 

- strong, 46 

time window, 35, 36, 70 
time-advanced signal, 269 
time-bandwidtli product (TBP), see 
bandwidth-duration ( BT ) 
product 

time-frequency analysis 

- matching, 206 
time-frequency correlation, 403 
time-frequency correlation function, 411 
time-frequency correlation spread, 404 
time-frequency correlator, 668 
time-frequency displacement operator, 

103 

time-frequency distributions, 9 

- adaptive, 178-183, 513 

- affine, 209 

- and ambiguity functions, 161 

- comparison of, 305, 310, 312, 313 

- concentration of, 297-304, see 

also concentration 

- density-class, 128 

- desirable characteristics of, 11 

- detection by, 502-509, 619-621 

- discrete, 232-241 

- energy-class, 128 

- exponential, 210 

- GDS-covariant, 203-212 

- generalized-marginal, 225-228 

- high-resolution linear, 581-589 

- hyperbolic, 208 

- IF estimation by, 429-446 

- of helicopter radar data, 578-589 

- of hybrid energy /density class, 

128 

- optimal, 309, 310 

- optimizing performance of, 309, 



310 

- performance criteria for, 306 

- performance measure for, 309, 

312 

- performance of, 305 

- polynomial, see polynomial 

TFDs, polynomial WVDs 

- poorly-performed, 309 

- power-class, 209, 643-650 

- quadratic, see quadratic TFDs 

- robust, 392-399, see robust 

spectrogram, robust STFT, 
robust Wigner distribution, 
median WD 

- selection of, 305, 309, 310, 312, 

313 

- well-performed, 309 
time-frequency domain, 70 
time-frequency filter, 466 

- adaptive notch, 544-547 

- applications of, 473 

- discrete-time formulation of, 472 

- explicit design of, 466 

- for noisy speech, 481-486 

- Gabor, 470 

- Gabor expansion based, 476-480 

- generalized Weyl, 467 

- implicit design of, 466 

- iterative algorithm for, 522 

- multiwindow Gabor, 470 

- multiwindow STFT, 468 

- projection, 467, 546-547 

- SM-based, 485-486 

- spectral subtraction, 482, 484-487 

- spectrogram-based, 486 

- STFT, 468 

- system identification using, 

519-527 

- Weyl, 467 

- Zadeh, 467 

time-frequency kernel, 51, 67, 74 
time-frequency matched detector 

- criteria for, 669 

- cross-correlation stage, 669 

- detection loop, 668 

- for EEG seizures, 668-669 

- output of, 669 
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- preprocessing stage, 668 

- signal restructuring stage, 668 
time-frequency measures 

- generation of, 130 

- properties & applications of, 

132-134 

- properties & interpretation of, 

131-132 

time- frequency peak filtering (TFPF), 
489-496 

- bias-variance tradeoff, 494 

- concept, 489 

- definitions, 489-490 

- discrete signal scaling, 493-494 

- discrete window length selection, 

494 

- iterative algorithm, 494 

- of EEG signal, 495, 496 

- of multicomponent signal, 495, 

496 

- principles, 490-491 

- properties, 491-492 
time-frequency projection filter, 467, 

546-547 

time-frequency pseudo-Wiener filter, 

530 

time-frequency reassignment, see 
reassignment principle 
time-frequency representations, see also 
time-frequency distributions 

- linear, 65, 102 

time-frequency scaling operator, 104, 
110 

time-frequency shift operator, 102, 136 
Time-Frequency Signal Analysis 
package, 190, 278, 665 
time-frequency signal detector, 534 
time-frequency signal estimator, 530 
time-frequency signal processing 
(TFSP), 11 

time-frequency transfer function, 140 
time-invariant system, 135 
time-invariant WSSUS channel, 413 
time-lag kernel, 48, 51, 65, 67, 69, 501 

- of B-distribution, 665 

- of spectrogram, 501 
time-limited signal, 16, 25, 35 



time-Mcllin distributions, 126 
time-only kernel, 215, see 

lag-independent kernel 
time-scale analysis 

- in machine condition monitoring, 

674 

time-scale distributions, 126, 508 
time-shift invariance, 60, 74, 172, 203, 
293 

- of robust WD, 397 

- preserved by reassignment, 292 
time-varying amplitude, 12 
time-varying channel, 410 
time-varying components, 12 

time- varying frequency, 12 
time-varying higher-order spectra, 462, 
463 

time- varying impulse response, 382 
time-varying power spectrum, 400, 405, 
408 

time- varying spectrum, 37, 38 
time-varying system, 135, 382, 402, 407, 
410, 466, 528 

- eigenfunctions of, 558-559 

time- varying transfer function, 382, 558, 
564-566 

time-varying Wiener filter, 485, 486, 529 

- SM-based, 487 

- spectrogram-based, 484, 487 
time- vs- frequency autoregressive 

(TEAR) method, 583, 585 
time- vs- frequency minimum- variance 
(TFMV) method, 583, 585, 
589 

Toeplitz factorization, 243 
tomographic methods, 282-284 
total harmonic distortion (THD), 628 
transfer function approximations, 140 
transformation, see axis transformation, 
signal transformation 
transient states 

- of machines, 674 

transitory evolutionary spectrum, 402 
tuning width, 41 
turboprop aircraft 

- sound from, 597, 601 
turbulence, 457 
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TV-HOS, see time- varying higher-order 
spectra 

two-dimensional filtering, 70, 71 

U 

uncertainty, see also Heisenberg. . . 

- and the ambiguity function, 164 

- entropic, 164 

- in time-frequency plane, 114-116 

- measures of, in ( t , /) plane, 

115-116 

uncertainty class, 531 
underdetermined blind source 
separation, see 
underdetermined BSS 
underdetermined BSS (UBSS) 

- for FM-like signals, 357-368 

- peak detection and tracking, 

364-366 

- road network tracking, 362-366 

- vector clustering, 358-361 
underspread approximations, 140, 405, 

415, 529, 533 

underspread process, 404, 405, 528 
underspread system, 138, 140, 407, 467, 
528 

- eigenfunctions of, 558-567 

- linear, 558-567 

underspread WSSUS channel, 414, 507 

- approximate eigenfunctions and 

eigenvalues, 415 

- sampling approximation, 417 
underwater acoustic channel, 410 
uniform linear array (ULA), 344 
unitarity 

- of affine Wigner function, 

287-289 

unitary equivalence, 124 
unitary equivalence principle, 112 
unitary group representation, 103 
unitary transformation, 62, 205, 282, 
327 

unresolved components, 307 

V 

variance 

- mean value of, 378 



- of IF estimation, 429, 431-433, 

435, 440-443, 445, 458-460 

- of quadratic TFD, 374-376, 381 

- of spectrogram, 381 

- of windowed WVD, 373, 380 
vector clustering, 357-363, 366-368 

- distance measure, 360 
vector filter, 395 

vector median, 395 
Vibroseis signal, 4 
Ville, J., 33, 161, 422 
volume invariance 

- of ambiguity function, 163 

W 

warp, 124-127 

- dispersive, 205, 646 

- operator, 124, 125, 205, 385, 646 

- power, 646, 647 

- signal, 207, 386, 646 

- time-frequency representation, 

207, 387, 512, 646 

- transformation, 124, 385, 646, 649 

- unitary, 646 

warped Wigner distribution, 126 
wavelet packet transform (WPT), 320, 
321 

wavelet transform, 106, 110, 294, 319, 
621, 622, 624, 676, 677, see 
also scalogram 

- and discontinuities, 677 

- and the ambiguity function, 162 

- and transient events, 675, 677 

- discrete, see discrete wavelet 

transform 

- in fault diagnosis of rotating 

machinery, 678-680 

- in machine condition monitoring, 

674 

- of electric power disturbances, 

628, 629 
wavelets, 288 

- as basis functions, 676 

- Klauder, 288 

- Mexican hat, 676 

- Morlet, 676 

- mother, 676 

- packets, 680 
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- theory of, 42 

WDF, see windowed data function 
Weyl correspondence, 346, 501 
Weyl filter, 467 
Weyl spectrum, 402 
Weyl symbol, 135, 346, 467, 501, 506, 
531, 534, 558 

- discrete-time, 472 

- dispersive, 385 

- generalized, 135, 400, 402, 408, 

411, 467, 528 

- hyperbolic, 387 

- narrowband, 382 

- power, 388 

- wideband, 384 
Weyl-Heisenberg group, 282 
whale song, 133, 134 

white nonstationary process, 401, 402, 
404 

whitened STFD matrix, 326, 327 
whitening, 326, 329-330, 351-353 
wide-sense stationary uncorrelated 

scattering (WSSUS), 411, 506, 
551, 553, 557 
Wiener filter, 482, 543 

- robust, 530 

- time-frequency design, 530 

- time-frequency formulation, 529 

- time-varying, 484-487, 529 
Wiener-Khintchine theorem, 36, 403 
Wigner bispectrum, 623 

Wigner distribution, 31, 207, 647 

- artifacts in, 32 

- generalized, 400, 533 

- nonlinearity of, 31 

- power, 646-649 
Wigner, E. P., 31n 

Wigner- Ville distribution (WVD), 33, 
48, 53, 54, 66, 76, 77, 500 

- 2D, 651, 659-660 

- 2D continuous, 652-654 

- 2D discrete, 655-659 

- and Moyal’s formula, 668 

- as special case of polynomial 

WVD, 189-190 

- as special case of S-method, 243 

- cross-terms in, 94-96 



- discrete, see discrete WVD 

- discrete windowed, see windowed 

DWVD 

- holographic nature of, 99 

- in derivation of Gabor 

spectrogram, 155 

- in gearbox fault detection, 

677-678 

- in missile tracking, 608-614 

- in terms of the spectrum, 34 

- limitations of, 62, 153-154, 168 

- local centroid of, 291 

- masked, 65 

- median, 397-398 

- of linear FM signal, 33 

- polynomial, see polynomial 

WVDs 

- properties of, 60-62, 74, 153 

- pseudo-, see windowed WVD 

- robust, 396-398 

- rotation of, 146-147, 223 

- satisfies all generalized marginals, 

226 

- smoothing of, 71, 72, 311 

- spectrogram decomposition, 

262-263 

- windowed, see windowed WVD 
Wigner-Ville spectrum, 37, 383, 401, 

481-483, 491, 501, 504, 505, 
531, 534, 637, 639, 641 

- generalized, 400, 414, 528 

- IF localization by, 457 

- in additive noise, 458-460 

- in multiplicative noise, 457-459 

- knock detection by, 639 

- of engine signal, 638 

- of single combustion, 639-640 

- optimality of, 457-458 
Wigner-Ville trispectrum, 328 
window 

- Hamming, 218 

- Hanning, 218, 301, 373, 380 
windowed data function (WDF), 578, 

581-582 

windowed DCT, 318 
windowed DWVD, 234-235, 240, 241, 
271 
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- as discrete quadratic TFD, 237 

- computation of, 268 

- sampling for, 235 

windowed Levin distribution, 47, 50, 53, 
54, 76, 77 

- discrete, 240, 241, 271 
windowed Rihaczek distribution, 47, 49, 

53, 76, 77 

- discrete, 240, 241, 271 
windowed WVD, 36, 51, 53, 55, 63, 72, 

76, 77, 339, see also 
Doppler-independent kernel 

- 2D continuous, 654-655 

- adaptive lag window for, 429, 

431, 433-436 

- also called pseudo- WVD, 235 

- discrete, see windowed DWVD 

- kernel of, 215 

- noise in, 372-374 

- optimal lag window for, 373-374, 

429-436 

- sensitivity to noise, 379 

- smoothed, 97-98, 292-293 

- variance of, 373, 380 
Woodward ambiguity function, see 

ambiguity function 
WPT, see wavelet packet transform 
WSSUS, see wide-sense stationary 
uncorrelated scattering 
WSSUS channel, 411, 551, 553, 557 

- delay power profile, 412 

- delay spread, 415 

- delay-Doppler spread, 415 

- Doppler power profile, 412 

- Doppler spread, 415 

- frequency correlation function, 

413 

- frequency-invariant, 413 

- overspread, 414 

- random time- frequency shift, 413 

- scattering function, 411, 551 

- statistical input-output relations, 

414 

- time correlation function, 413 

- time-frequency correlation 

function, 411 

- time-invariant, 413 



- underspread, 414 
WT, see wavelet transform 

X 

XPWVD, see cross polynomial WVD 
XWVD, see cross-Wigner-Ville 
distribution 

Z 

Zadeh’s time- varying transfer function, 
135, 467 

Zak transform, 254, 255, 258, 259 

- and Fourier transform, 254 

- defined, 254 

Zakai entropy parameter, 300 
ZAM. . . , see Zhao- Atlas-Marks. . . 
zero-padding, 234, 238, 268 
Zhao-Atlas-Marks (ZAM) distribution, 
51, 53, 55, 74, 76, 77, 171 

- computation of, 270-271 

- discrete, 240, 241, 271 

- limitations of, 182 183 




